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ABSTRACT
The operation of attitude sensors on small spacecraft may be limited by unfavorable environmental characteristics or
operating scenarios, reducing attitude estimate accuracy. To counter this, a single Global Positioning System (GPS)
antenna on the spacecraft can be augmented to function as a coarse attitude sensor, providing additional measurements
to supplement missing sensor data without adding mass, volume, or power requirements to the spacecraft. This
technique is also interesting, as typical means of GPS attitude determination utilize multiple GPS antennas. In this
work, carrier to noise density ratio (C/N0) measurements from a GPS receiver are incorporated with commonly used
attitude sensors within an extended Kalman filter to improve the accuracy of attitude estimates.
This filter is evaluated using simulated three-axis magnetometer, sun sensors, and GPS measurements created from
attitude telemetry from the Space Flight Laboratory (SFL) CanX-5 nanosatellite currently in orbit. Results show that
under eclipse conditions where the estimator was denied sun sensor measurements, using GPS C/N0 measurements to
supplement correction increased attitude estimate accuracy by two to three times than when the spacecraft is limited
to using magnetometer measurements alone. Further evaluation with flight data indicates estimate accuracy is
dependent on the accuracy and precision of available C/N0 measurements.
supplement the denied sensor measurements. From
knowing the positions of all spacecraft involved along
with some metric which relates the angle of the satellite
to GPS line of sight (LOS) to the signal strength, a set of
attitude measurements can be formed. These can then be
entered into the observation model of an attitude
estimator to provide additional correction. Such a
method has been tested on a variety of different
spacecraft. In their paper, Axelrad and Behre1
demonstrates their technique of GPS attitude
determination using datasets from three satellite
experiments: Cryogenic Infrared Spectrometers for the
Atmosphere-Shuttle Planet Satellite (CHRISTA-SPAS),
GPS Attitude/Navigation Experiment (GANE), and
GPS-based Meteorology (GPS/MET). After obtaining
GPS signal to noise ratio (SNR) measurements, a least
squares method was employed to estimate the pointing
vector of the GPS antenna. With this method the vector
was estimated with a RMS error of 3.2° to 11.9°. This
attitude determination scheme was also considered for
use on the FedSat microsatellite2 and its performance
was compared against an alternate signal-to-noise
weighted line-of-sight vector method created by NASA
JPL. It was found through simulation that the Axelrad
and Behre method was superior to the JPL method;
achieving an accuracy of ±5° as opposed to ±30°.
Another successful implementation of this attitude

INTRODUCTION
In recent years, small satellites have proliferated due to
their rapidly expanding capabilities. Such satellites are
capable of fulfilling complex missions at a greatly
reduced cost as compared to traditional spacecraft.
Conversely, due to their size, such satellites are heavily
constrained in terms of available mass and volume which
limits the quantity and types of attitude sensors available
for use. Many small satellites use an attitude
determination and control system (ADCS) that employ
two external vector measurements along with a means of
measuring or estimating angular rates. A common
ADCS sensor setup on low Earth orbiting satellites
consists of sun sensors and a three-axis magnetometer.
Unfortunately, such sensors can be limited to operating
under certain environmental conditions. For example,
sun sensors cannot operate when the satellite is in
eclipse. At these points, the spacecraft’s attitude
estimates may degrade heavily. Since some spacecraft
may be required to perform attitude correction or use
payloads during these times, a means of reducing attitude
estimation degradation without adding additional mass,
volume, or cost to the spacecraft is in demand.
If the spacecraft is equipped with a single Global
Positioning System (GPS) antenna, it is possible to use
GPS measurements and telemetry to partially
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determination method was on the 2010 University of
Texas FASTRAC mission. Here, GPS SNR
measurements were combined with three-axis
magnetometer measurements in a norm constrained
Kalman filter3 to allow for autonomous control of
thruster operations onboard the spacecraft. The attitude
estimation error of this filter possessed a standard
deviation of approximately 10°.4
The work in this paper builds upon the previous
implementations of GPS-augmented attitude estimators.
In previous iterations of this method such as with FedSat
and FASTRAC, the GPS receiver would be selected and
configured to provide precise SNR or carrier to noise
density ratio (C/N0) telemetry. This paper focuses on the
implementation of online estimation methods on an
already launched spacecraft that was not designed nor
intended to use its GPS subsystem for attitude
determination. As such, the estimation method will need
to account for lower precision C/N0 telemetry as well as
limitations in the GPS antenna’s radiation pattern.
The Space Flight Laboratory’s (SFL) CanX-4 and CanX5 spacecraft provide an excellent test bed for extensions
to the GPS-based attitude determination concept.
Launched on June 30 2014, the spacecraft completed
their primary formation flying mission in under 5 months
and are now ready to perform additional experiments in
the extended mission phase. The algorithms presented
herein are evaluated using flight data collected from the
CanX-5 spacecraft.

Figure 1: CanX-4&57
nanosatellite bus (GNB) are each 20 cm cubes
possessing a mass of approximately 6 kg. The GNB has
also been used on other SFL spacecraft such the
astronomy spacecraft making up the BRIght Target
Explorer (BRITE) Constellation, and the automatic
identification system (AIS) maritime tracking satellites.

An extended Kalman filter (EKF) is selected for attitude
estimation due to its ease of use and low computational
overhead. Four types of measurements are considered:
sun vector, magnetic field vector, spacecraft body rate,
and GPS C/N0. A rotation-matrix based parameterization
is selected to avoid the singularities or norm-constraints
associated with other representations.5 Attitude error and
update terms are treated as small rotations, with the
motion and measurement equations linearized about the
current attitude solution. The attitude estimates are then
compared against CanX-5’s onboard solutions and
TRIAD (TRIaxial Attitude Determination)6 estimates
formed from GPS boresight vector estimates, sun sensor,
and magnetic field measurements. Simulated and
naturally occurring periods of eclipse without sun sensor
data are used to test the effectiveness of the EKF during
periods of denied ADCS sensor measurements.

CanX-4 and CanX-5 are equipped with the Canadian
Nanosatellite Advanced Propulsion System (CNAPS)
sulfur hexafluoride (SF6) cold gas propulsion system for
orbit control along with a suite of attitude sensors and
actuators for full three-axis attitude determination and
control. Attitude sensors include six fine sun sensors, a
three-axis rate sensor, and a three-axis magnetometer
mounted in a pre-deployed boom. Actuators consist of
three orthogonally mounted magnetorquers and three
reaction wheels. Moreover, both spacecraft contain a
NovAtel GPS receiver and surface-mounted antenna to
collect high precision information on each spacecraft’s
orbital state.7

CanX-4 & CanX-5
Launched on 30 June 2014 into a 650 km Sun
synchronous orbit, the CanX-4&5 nanosatellite mission
consists of two identical nanosatellites developed by
SFL for the purpose of demonstrating formation flying
(Figure 1).7 The nanosatellites, based on SFL’s generic
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GPS based attitude determination is not a novel concept.
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through the use of multiple GPS antennas mounted on
spacecraft in non-parallel orientations. In this setup,
phase difference measurements between these antennas
would provide the attitude estimate. This method was
used on the REX-II spacecraft yielding estimates with
standard deviations within 1.66°.8

standard deviation for each C/N0 bin is
calculated.
5.

Of course, many small satellites simply do not have the
space, mass, or need for multiple GPS antennas and often
only possess a single GPS antenna for orbit
determination. Fortunately, a single GPS antenna can
still be used to augment attitude estimates.

Compute mapping function by fitting a curve to
the mean cos(𝛼) values for each C/N0 bin. The
standard deviation is used for weighting if
solving for the boresight vector directly.

Note that cos(𝛼) is used here instead of 𝛼 as it is more
computationally efficient.
MODELING
The state to be estimated is the rotation matrix between
the J2000 Earth centered inertial (ECI) frame (𝑖) and the
spacecraft’s body frame (𝑏) shown in Figure 2. The
rotation matrix is defined as:

Single Antenna Estimation
The C/N0 reported for each GPS satellite tracked can be
correlated to the directionally dependent radiation
pattern of the onboard GPS antenna. This enables the offboresight angle (𝛼) or its cosine (cos(𝛼)), between the
line of sight vector to each GPS satellite and the
antenna’s boresight to be employed as a measurement. It
should be noted that the one antenna method cannot
provide a full three-axis attitude solution, although some
spacecraft can obtain a three-axis signal strength based
solution if they possess multiple GPS antennas.

𝐂𝑏𝑖 = ℱ⃗𝑏 ∙ ℱ⃗𝑖𝑇

(1)

where ℱ⃗𝑏 and ℱ⃗𝑖 are column matrices containing the unit
vectors which define the body and ECI frames
respectively.5 The J2000 frame has been selected for
these calculations as it is the coordinate system used by
CanX-5’s ADCS.

The relation between the measured C/N0 and cos(𝛼) is
quantified by means of a mapping function. This can be
obtained through one of two methods.1 The first method
can be performed prior to launch when the GPS antenna
has been integrated into the spacecraft. This process
involves directly measuring the radiation pattern of the
GPS antenna to scale C/N0 measurements. The second
method consists of obtaining the mapping function
through on-orbit calibration and is recommended since it
takes into account signal variation from multipath and
the surface geometry of the spacecraft (if present).
Additionally, the latter method provides a more accurate
means of mapping C/N0 to cos(𝛼) which can be updated
if necessary. The algorithm for calibration consists of the
following steps:1
1.

2.

Figure 2: CanX-5 Body Frame

Obtain a flight calibration dataset containing
C/N0 measurements, LOS vectors in a fixed or
inertial measurement frame, and spacecraft
attitude in body frame.

Discrete Time Motion Model
The discrete time motion model for CanX-5 using a
rotation matrix parameterization is:5

Compute normalized LOS vectors in the
spacecraft’s body frame.

3.

Compute cos(𝛼) for each GPS satellite contact
using the normalized LOS vector and known
antenna boresight vector in the body fame.

4.

Assemble all calculated cos(𝛼) values based on
measured C/N0 bins. The cos(𝛼) mean and

𝐂𝑏𝑘𝑖 = 𝚿𝑏𝑘 𝑏𝑘−1 𝐂𝑏𝑘−1𝑖

(2)

where 𝐂𝑏𝑘 𝑖 is the inertial to body rotation matrix at time
step 𝑘, and 𝚿𝑏𝑘𝑏𝑘−1 is the sampled data rotational
kinematics matrix given by:
𝚿𝑏𝑘 𝑏𝑘−1 = 𝑒𝑥𝑝(−𝝍×𝑘 )

(3)

and:
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𝝍𝑘 = 𝛚𝑏𝑘−1𝑖 𝑇𝑘 + 𝛿𝝍𝑘

(4)

𝛚𝑏𝑘−1 𝑖 is the angular velocity of the body frame with
respect to the ECI frame at time step 𝑘 − 1, 𝑇𝑘 is the
sampling period at time step 𝑘, and 𝛿𝝍𝑘 is the rotational
process and rate sensor noise. Lastly, the cross operator
(∙)× converts a 3 × 1 column vector into a 3 × 3 skewsymmetric matrix (𝐚 ∈ ℝ3×1 ).
0
𝐚× ≜ [ 𝑎3
−𝑎2

−𝑎3
0
𝑎1

𝑎2
−𝑎1 ]
0

(5)
Figure 3: GPS Antenna Geometry

Discrete Time Observation Models

where 𝐲𝐺𝑃𝑆𝑘 is the normalized measured GPS antenna
boresight vector in the ECI frame at time step 𝑘 and
𝛒𝐺𝑃𝑆𝑘 is the normalized known antenna boresight in the
body frame. On CanX-5, the GPS antenna is mounted on
the +Y face (Figure 1) and its boresight in the body frame
is expressed by:

The components of the discrete time observation model
were created for the three-axis magnetometer, sun
sensors, and the GPS antenna.
Three-Axis Magnetometer: A three-axis magnetometer
measures the intensity and direction of the geomagnetic
field surrounding the spacecraft. This instrument
consists of three orthogonal sensors which allow the
calculation of the magnetic field vector expressed in the
spacecraft’s body frame. The observation model for the
magnetometer is:
𝐲𝐵𝑘 = 𝐂𝑏𝑘𝑖 𝛒𝐵𝑘

0
(9)
𝛒𝐺𝑃𝑆𝑘 = [1]
0
Previous implementations of single GPS antenna attitude
estimation1, 2 have sought to directly estimate the
“observed” GPS boresight from measured GPS line of
sight and cos(𝛼) by minimizing the cost function:

(6)

where 𝐲𝐵𝑘 is the normalized magnetic field measurement
in the body frame at time step 𝑘 and 𝛒𝐵𝒌 is the
normalized magnetic field in the ECI frame which is in
practice calculated from the International Geomagnetic
Reference Field (IGRF) model.9 It should also be noted
that a single three-axis magnetometer measurement can
only provide orientation with respect to Earth about two
orthogonal axes.10

𝑀

2
1
1
𝑗
𝑗𝑇
𝐽(𝐲𝐺𝑃𝑆𝑘 ) = ∑
(cos(𝛼𝑘 ) − 𝐥𝑘 𝐲𝐺𝑃𝑆𝑘 )
𝑗 2
2
(𝜎 )
𝑗=1

𝑗

where, 𝐥𝑘 is the normalized LOS vector for each GPS
contact in the ECI frame at time step 𝑘 for satellite, M is
𝑗
the total number of acquired GPS satellites, and 𝜎𝑘 is the
measurement standard deviation. This cost function is
solved iteratively with an initial condition obtained by

Sun Sensors: Sun sensors directly measure the line of
sight vector from the spacecraft to the Sun in the body
frame. This is compared to the known Sun vector in the
ECI frame to obtain an attitude estimate using:9
𝐲𝑆𝑘 = 𝐂𝑏𝑘 𝑖 𝛒𝑆𝑘

0
normalizing 𝐛0𝑘 (𝐲𝐺𝑃𝑆
=
𝑘
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):1
(11)

where:
𝑇

𝐥1𝑘
cos(𝛼𝑘1 )
𝐀𝑘 = [ ⋮ ] , 𝐜𝑘 = [
]
⋮
𝑇
𝑀)
cos(𝛼
𝐥𝑀
𝑘
𝑘

GPS Antenna (Iterative GPS Boresight Estimation): The
GPS observation model compares the known orientation
of the GPS antenna boresight vector in the spacecraft
body frame and the observation of the vector in the ECI
frame.5 This model is represented as:
𝐲𝐺𝑃𝑆𝑘 =

𝐛0
𝑘

|𝐛0
𝑘|

𝐛0𝑘 = (𝐀𝑇𝑘 𝐖𝑘 𝐀𝑘 )−1 𝐀𝑇𝑘 𝐖𝑘 𝐜𝑘

(7)

where 𝐲𝑆𝑘 is the normalized Sun vector measurement in
the body frame at time step 𝑘 and 𝛒𝑆𝒌 is the normalized
known Sun vector in ECI.

𝐂𝑏𝑇𝑘 𝑖 𝛒𝐺𝑃𝑆𝑘

(10)

𝑘

(12)

1
1
𝐖𝑘 = diag { 1 2 , … , 𝑀 2 }
(𝜎𝑘 )
(𝜎𝑘 )
The measurement variances to be used are obtained from
the standard deviation of cos(𝛼) values in each C/N0 bin
from the mapping function. A gradient search is then

(8)
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performed on two spherical angles to enforce a normal
constraint and return a GPS boresight unit vector.
sin(𝜃𝑘 ) cos(𝜙𝑘 )
𝐲𝐺𝑃𝑆𝑘 = [ sin(𝜃𝑘 ) sin(𝜙𝑘 ) ]
cos(𝜃𝑘 )

by the observation model. The EKF is a very popular
method for spacecraft attitude estimation as it can be
operated online, possesses low computational overhead,
and provides adequate accuracy for most spacecraft
applications.

(13)

MOTION MODEL LINEARIZATION

The resultant ECI GPS boresight vector estimate can
then be used as a measurement. However, solving the
minimization problem at each time step increases
computational overhead.

The linearization of the motion model consists of
perturbing the state slightly from its nominal value (i.e.
𝐱̅ 𝑘 + 𝛿𝐱 𝑘 ). For rotation matrices this is done using a
small rotation matrix approximation:5

GPS Antenna (Integrated C/N0 Model): To reduce
computational overhead, the GPS observation model can
𝑗
be augmented to use cos(𝛼𝑘 ) directly. This can be done
𝑗
with the knowledge of the relation of cos(𝛼𝑘 ) to the
normalized GPS LOS and antenna boresight vectors
(Figure 3) resulting in:
𝑗
cos(𝛼𝑘 )

=

𝑗𝑇

𝐥𝑘 𝐂𝑏𝑇𝑘𝑖 𝛒𝐺𝑃𝑆𝑘

̅ + 𝛿𝜽) ≈ (𝟏 − 𝛿𝜽× )𝐂(𝜽
̅)
𝐂(𝜽

where 𝟏 is an identity matrix. This linearization can be
applied to the motion model to yield the nominal solution
(the operating point of the linearization):
̅ 𝑏 𝑏 𝐂̅𝑏 𝑖
𝐂̅𝑏𝑘𝑖 = 𝚿
𝑘 𝑘−1
𝑘−1

(14)

𝑗

̅ 𝑏 𝑏 𝛿𝝓𝑘−1 + 𝛿𝝍𝑘
𝛿𝝓𝑘 = 𝚿
𝑘 𝑘−1

𝑘

̅ 𝑏 𝑏 , 𝐇𝝍,𝑘 = 𝟏
𝐇𝝓,𝑘 = 𝚿
𝑘 𝑘−1

(19)

Observation Model Linearization
As with the motion model, the rotation matrices in the
observation models can be linearized to obtain the
following nominal solutions:
𝐂̅𝑏 𝑖 𝛒𝐵
𝐲̅𝐵
[𝐲̅ ] = [ 𝑘 𝑘 ]
𝑆𝑘
𝐂̅𝑏 𝑖 𝛒𝑆
𝑘

(20)

𝑘

and linearized observation models:
(15)

×
𝛿𝐲𝐵𝑘
(𝐂̅𝑏𝑘 𝑖 𝛒𝐵𝑘 )
[
]=[
× ] [𝛿𝝓𝑘 ]
𝛿𝐲𝑆𝑘
(𝐂̅ 𝛒 )

𝑘

𝑗

where 𝐧𝑘 is the total measurement noise from the
attitude sensors.

(21)

𝑏𝑘 𝑖 𝑆𝑘

The GPS observation model has the following nominal
solution:

ESTIMATION

𝑗
𝑗𝑇
̅̅̅̅̅̅̅̅̅̅
cos(𝛼𝑘 ) = 𝐥𝑘 𝐂̅𝑏𝑇𝑘𝑖 𝛒𝐺𝑃𝑆𝑘

The extended Kalman filter is a standard technique for
state estimation problems, suitable for systems with
nonlinear motion and observation equations. The EKF
functions to estimate a time-varying state while
modeling the uncertainty arising in the estimate from
process and measurement noise.6, 11 The EKF consists of
a predictor and corrector stage. The predictor stage uses
the motion model to propagate the state using knowledge
of body rates. The corrector stage then corrects the
predictor’s propagator state using sensor data provided
Paris Ang

(18)

where 𝛿𝝓𝑘 = 𝐒̅𝑘 𝛿𝜽, 𝐒̅𝑘 = 𝐒𝑘 (𝜃2̅ , 𝜃3̅ ), and 𝐒𝑘 relates the
angular velocity to Euler-angle rates.5 This leaves the
following Jacobians (𝐇) with respect to the small
rotation vector (𝝓) and process/rate sensor noise (𝝍):

Full Observation Model: The individual sensor
observation models shown previously can then be
concatenated into a full observation model.

𝑘

(17)

and the linearized motion model:

In this case, cos(𝛼𝑘 ) was chosen as the measurement
𝑗
value rather than 𝛼𝑘 or C/N0 for two reasons. First, the
use of this variable greatly simplifies the model and its
integration into an estimator. Secondly, the C/N0 to
𝑗
cos(𝛼𝑘 ) mapping function is dependent on the
characteristics of each antenna, its integration, and the
operating environment; which may not be accurately
known until after spacecraft launch. The current setup
keeps the mapping function out of the observation
model, removing the need to re-linearize every time the
function is updated.

𝐂𝑏𝑘𝑖 𝛒𝐵𝑘
𝐲𝐵𝑘
𝑗
𝐲
𝑆𝑘
[
] = [ 𝐂𝑏𝑘 𝑖 𝛒𝑆𝑘 ] + 𝐧𝑘
𝑇
𝑗
𝑗
cos(𝛼𝑘 )
𝐥 𝐂𝑏𝑇 𝑖 𝛒𝐺𝑃𝑆

(16)

(22)

and linearized portion:
𝑇

𝑗
𝑗
𝛿 cos(𝛼𝑘 ) = −𝐥𝑘 𝐂̅𝑏𝑇𝑘 𝑖 𝛒×𝐺𝑃𝑆𝑘 𝛿𝝓𝑘

(23)

𝑗

To account for noise, the 𝐧𝑘 term of the observation
̅𝑘𝑗 + 𝛿𝐧𝑘𝑗 where 𝐧
̅𝑘𝑗 = 𝟎 due to
model was perturbed by 𝐧
the zero-mean noise assumption. This produces a full
nominal solution.
5
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𝐲̅𝐵𝑘
[ 𝐲̅𝑆𝑘 ] = [
𝑗
̅̅̅̅̅̅̅̅̅̅
cos(𝛼 )
𝑘

𝐂̅𝑏𝑘𝑖 𝛒𝐵𝑘
𝐂̅𝑏 𝑖 𝛒𝐵
𝑘

𝑘

𝐵
𝐆𝝓,𝑘

]

𝑆
𝐆𝝓,𝑘

(24)

𝑗𝑇

cos(𝛼
𝐆𝝓,𝑘 = 𝐆𝝓,𝑘
⋮

𝐥𝑘 𝐂̅𝑏𝑇𝑘𝑖 𝛒𝐺𝑃𝑆𝑘

and a full linearized observation model:

[

(𝐂̅𝑏𝑘 𝑖 𝛒𝐵𝑘 )

𝛿𝐲𝐵𝑘
𝛿𝐲𝑆𝑘

cos(𝛼 𝑀 )

[𝐆𝝓,𝑘

×

×
[𝛿𝝓𝑘 ] + 𝛿𝐧𝑘𝑗
] = (𝐂̅𝑏𝑘 𝑖 𝛒𝑆𝑘 )
𝑗
𝑗𝑇 𝑇
𝛿 cos(𝛼𝑘 )
×
[−𝐥𝑘 𝐂̅𝑏𝑘 𝑖 𝛒𝐺𝑃𝑆𝑘 ]

𝐆𝝓,𝑘 =

𝑆
𝐆𝝓,𝑘

×
(𝐂̅𝑏𝑘 𝑖 𝛒𝑆𝑘 )

cos(𝛼 𝑗)
[𝐆𝝓,𝑘
]

cos(𝛼 𝑗)

=𝟏

(26)

}

−1

𝑇
𝑇
𝑇
̂𝑘− 𝐆𝝓,𝑘
̂𝑘− 𝐆𝝓,𝑘
𝐊𝑘 = 𝐏
(𝐆𝝓,𝑘 𝐏
+ 𝐆𝐧,𝑘 𝐑 𝑘 𝐆𝐧,𝑘
)

(27)

(34)

(35)

To ensure that a valid rotation matrix is obtained at every
time step, the corrector equation is arranged as follows:
𝛿𝓔𝑘 = 𝐊 𝑘 (𝐲𝑘 − 𝐲̂𝑘 )

(36)

where

(28)

The covariance prediction is then performed using:
(29)

𝐂̂𝑏𝑘𝑖 = 𝚵𝑘 𝐂̂𝑏−𝑘 𝑖

(37)

𝚵𝑘 = exp(−𝛿𝓔𝑘× )

(38)

and the predicted measurement is given by:

where the Jacobians 𝐇𝝓,𝑘 and 𝐇𝝍,𝑘 are determined in the
previous section. The elements of the process noise
covariance matrix 𝐐𝑘 are assumed to remain constant
over time. Based on the motion model, process noise is
defined by:
𝛿𝝍𝑘 = 𝛿𝛚𝑏𝑘−1𝑖 𝑇𝑘

cos(𝛼 𝑀 )

, … , 𝐑𝑘

(33)

}

Note that components are included or excluded based on
the availability of sensor measurements per time step.
The components of the measurement noise covariance
matrix 𝐑 𝑘 are also assumed to remain constant over time.
The Kalman gain and covariance correction are:5

Predictor: The predictor equations of the EKF propagate
the state from the previous time step to the current one
using body rate measurements and the motion model:

𝑇
𝑇
̂𝑘− = 𝐇𝝓,𝑘 𝐏
̂𝑘−1 𝐇𝝓,𝑘
𝐏
+ 𝐇𝝍,𝑘 𝐐𝑘 𝐇𝝍,𝑘

cos(𝛼 𝑀 )

, … , 𝐆𝐧,𝑘

cos(𝛼 1 )

Extended Kalman Filter Setup

𝐂̂𝑏−𝑘𝑖 = 𝚿𝑏𝑘 𝑏𝑘−1 𝐂̂𝑏𝑘−1𝑖

cos(𝛼 1 )

𝐑 𝑘 = 𝑑𝑖𝑎𝑔 {𝐑𝐵𝑘 , 𝐑𝑆𝑘 , 𝐑 𝑘

𝑗𝑇 𝑇
×
[−𝐥𝑘 𝐂̅𝑏𝑘 𝑖 𝛒𝐺𝑃𝑆𝑘 ]

𝑆
𝐵
𝐆𝐧,𝑘 = 𝐆𝐧,𝑘
= 𝐆𝐧,𝑘
= 𝐆𝐧,𝑘

]

𝑆
𝐵
= 𝑑𝑖𝑎𝑔 {𝐆𝐧,𝑘
, 𝐆𝐧,𝑘
, 𝐆𝐧,𝑘

×
(𝐂̅𝑏𝑘 𝑖 𝛒𝐵𝑘 )

=

(32)

𝐆𝐧,𝑘

(25)

where the Jacobians (𝐆) with respect to the small rotation
vector (𝝓) and sensor noise (𝐧) are trivially obtained as:
𝐵
𝐆𝝓,𝑘

1)

𝐂̂𝑏−𝑘𝑖 𝛒𝐵𝑘
𝐲̂𝐵𝑘
𝐂̂𝑏−𝑘𝑖 𝛒𝐵𝑘
𝐲̂𝑆𝑘
̂1 ) = 𝐥𝑀𝑇 𝐂̂ −𝑇 𝛒
𝐲̂𝑘 = cos(𝛼
𝑘
𝑘
𝑏𝑘 𝑖 𝐺𝑃𝑆𝑘
⋮
⋮
̂𝑀 )]
𝑀𝑇 ̂ −𝑇
[cos(𝛼
𝐥
𝐂
𝑘
[ 𝑘 𝑏 𝑖 𝛒𝐺𝑃𝑆 ]

(30)

𝑘

(39)

𝑘

As such, 𝐐𝑘 must be scaled by the sample time.

Iterative GPS Boresight Vector Observation Model

Corrector: To begin the corrective step of the EKF, the
measurements (𝐲𝑘 ), observation coefficient matrices,
and exteroceptive covariance were stacked as follows.

If GPS boresight vector estimates (via Axelrad and
Behre1) are used instead of cos(𝛼) measurements. The
observation model is linearized resulting in a nominal
solution:

𝐲𝐵𝑘
𝐲𝑆𝑘

𝐲𝑘 =

cos(𝛼𝑘1 )

𝐲̅𝐺𝑃𝑆𝑘 = 𝐂̅𝑏𝑇𝑘 𝑖 𝛒𝐺𝑃𝑆𝑘
(31)

(40)

and a linearized solution:

⋮
[cos(𝛼𝑘𝑀 )]

𝛿𝐲𝐺𝑃𝑆𝑘 = −𝐂𝑏𝑇𝑘𝑖 𝛒×𝐺𝑃𝑆𝑘 𝛿𝝓𝑘

(41)

This modified model then replaces the original cos(𝛼)
model elements in the corrector stage of the EKF.
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𝐲𝐵𝑘
𝐲𝑘 = [ 𝐲𝑆𝑘 ]
𝐲𝐺𝑃𝑆𝑘
𝐵
𝐆𝝓,𝑘

(42)
×
(𝐂̅𝑏𝑘 𝑖 𝛒𝐵𝑘 )

×
𝑆
𝐆𝝓,𝑘 = [ 𝐆𝝓,𝑘
] = (𝐂̅𝑏 𝑖 𝛒𝑆 )
𝑘
𝑘
𝐺𝑃𝑆
𝑇
×
𝐆𝝓,𝑘
[−𝐂𝑏 𝑖 𝛒𝐺𝑃𝑆 ]

(43)

𝑘

𝑘

𝑆
𝐺𝑃𝑆
𝐵
𝐆𝐧,𝑘 = 𝑑𝑖𝑎𝑔{𝐆𝐧,𝑘
, 𝐆𝐧,𝑘
, 𝐆𝐧,𝑘
}

(44)

𝐑 𝑘 = 𝑑𝑖𝑎𝑔{𝐑𝐵𝑘 , 𝐑𝑆𝑘 , 𝐑𝐺𝑃𝑆
𝑘 }

(45)

𝐂̂𝑏−𝑘 𝑖 𝛒𝐵𝑘
𝐲̂𝐵𝑘
𝐲̂𝑘 = [ 𝐲̂𝑆𝑘 ] = [ 𝐂̂𝑏−𝑘 𝑖 𝛒𝐵𝑘 ]
𝐲̂𝐺𝑃𝑆𝑘
𝐂̂𝑏− 𝑖 𝛒𝐺𝑃𝑆

(46)

𝑘

Figure 4: Number of GPS Satellites per Time Step

𝑘

IMPLEMENTATION

to be 0.99 based on experimentation and validation with
mapping functions.

The EKF was first validated using a simulated sensor
dataset. This was followed by two sets of flight data
covering an attitude hold and an orbit keeping maneuver.

Based on telemetry from CanX-5, it was determined that
both the sun sensor and magnetometer data possessed
errors with a standard deviation of approximately 1°.
These errors were imparted by creating a small 3-by-1
rotation vector for each time step out of zero mean
Gaussian random values (𝐞𝑘 ). This vector was converted
to a rotation matrix using small angle parameterization
(𝐂𝑒𝑟𝑟𝑘 ≈ 𝟏 − 𝐞×𝑘 ) and multiplied by either the
normalized true Sun and magnetic field vectors in the
body frame (i.e. 𝐲𝐵𝑘 = 𝐂𝐵𝑒𝑟𝑟 𝐲𝐵𝑇𝑟𝑢𝑒
).
𝑘

Simulation Dataset
To validate and assess the performance of the estimation
algorithm, simulated unbiased rate sensor data as well as
magnetometer, sun sensor, and GPS cos(𝛼)
measurement data were generated at a sample period of
5 seconds. The reference “truth” state used consists of
attitude and angular rate data gathered from CanX-5
while it was in three-axis pointing mode - the GPS
antenna was pointed towards zenith to gather data (later
known as Set 1). This data was then used to generate
simulated magnetic fields, and Sun vectors in both the
ECI and body frames.

It should be noted that simulated sun sensor
measurements are generated over the entire span of the
reference dataset. As such, there is no loss of sun sensor
measurements at the eclipse times in the reference set.

GPS contacts were simulated based on the orbit position
of CanX-5 along with GPS ephemeris data. For an ideal
simulation, all contacts outside of the GPS antenna’s
field of view (±80° off boresight) were dropped. The
number of satellites in contact at each time step is shown
in Figure 4 and range from 4 to 14. This number was
favourable since the GPS antenna was pointed towards
zenith when the truth dataset was gathered. The offboresight (𝛼) angle for each LOS vector as well as its
cosine, cos(𝛼) could then be calculated with knowledge
of the GPS antenna boresight and LOS vectors.

EKF Performance with Simulated Measurements
For initial validation, the EKF was fed four simulated
sensor datasets representative of different operation
scenarios, described in the following subsections. For
GPS cases, the cos(𝛼) observation model was used.
RMS errors were calculated and expressed in terms of a
rotation vector between the estimated and true rotation
matrices. The components of that error vector with
respect to the body frame axes: 𝜃𝑥 , 𝜃𝑦 , and 𝜃𝑧 were
tabulated in Table 1. The 𝜃𝑥 , 𝜃𝑦 , and 𝜃𝑧 angular errors
for each case were also plotted in the figures below as
solid lines. Moreover, the estimated standard deviation
(±3𝜎) envelopes for each axis, representing the estimate
confidence of the EKF were also plotted in the figures as
dotted lines.

Noise was then imparted to each simulated measurement
value. Zero mean Gaussian noise was imparted directly
into the rate sensor measurements and the 𝑐𝑜𝑠 (𝛼)
measurements. The standard deviation of the additive
rate sensor noise was 0.1°/𝑠 – a value chosen to be
representative of CanX-5’s rate sensor characteristics.
The standard deviation of the cos(𝛼) noise was assumed
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Figure 5: Simulated Magnetometer + Sun Sensors

Figure 6: Simulated Magnetometer-Only
uniformly. Sharper increases in 𝜃𝑦 RMS error and ±3𝜎
is likely due to the fact that a single magnetometer
measurement can only provide correction primarily in
two axes.10 In this case, magnetometer correction is
potentially limited in the Y-axis. This is further
supported by the fact that the ±3𝜎 envelop for 𝜃𝑌
converges much later than those corresponding to the
other two axes (Figure 6). Lastly, periodic dilation and
contraction of the ±3𝜎 envelop was observed in all axes
at approximately 3000 second intervals; about half of
CanX-5’s orbital period. It was found that these were a
product of the magnetometer correction resulting from
fluctuations present in the IGRF magnetic field model.
This behavior can also be seen in other cases as well.

Table 1: Simulated Attitude Estimation Errors
Case

θx RMS (°)

θy RMS (°)

θz RMS (°)

Mag + Sun

0.72

0.92

0.58

Mag Only

3.03

5.85

1.65

Mag + GPS

1.14

2.41

0.76

All Sensors

0.68

0.86

0.56

Magnetometer & Sun Sensors (Simulated Normal
Operations): This case represents normal operation of
the EKF using only information provided from CanX5’s purpose built ADCS sensors that are operating
unimpeded without any GPS augmentation. As such, all
sunlit cases running with only magnetometer and sun
sensor data are referred as “Normal Operations” in this
paper and are intended to provide an experimental
baseline. Overall, estimates from this set proved to be
very accurate (Figure 5) with few overconfident areas
(errors which fell outside of the ±3𝜎 envelope). Some
jitter in the error curve was also observed, manifesting as
sudden irregular spikes. These jitters were likely a
product of the truth dataset which was derived from
flight data and subject to inherent ADCS inaccuracies. It
should also be noted that a “normal” case (where both
magnetometer and sun sensor measurements are used)
spanning this period of time for CanX-5 is not
encountered during flight. In its actual orbit, the
spacecraft would encounter periods of eclipse where sun
sensor measurements would be unavailable and the sun
sensors themselves disabled by the ADCS.

Magnetometer + GPS (GPS Correction during
Simulated Eclipse): Figure 7 illustrates the results of an
eclipse scenario where the estimator is receiving
measurements from the GPS antenna along with existing
magnetometer correction. With GPS correction, the
RMS errors are two to three times lower than the
magnetometer-only estimates during simulated eclipse.
It was observed that the 𝜃𝑦 errors were still elevated
compared to the other two axes. From the previous
scenario, it is known that the magnetometer is a
contributor to this discrepancy. However, as indicated in
previous sections, corrections via GPS measurements are
also limited to two axes as well. Since the antenna
boresight is aligned with the spacecraft’s Y-axis, the
corrective ability of GPS along that axis is also
diminished. Furthermore, the changes in the GPS
uncertainty and accuracy can also be affected by the
number of acquired GPS satellites available per each
measurement period. This is supported by increased
error at 3500 and 6500 seconds, which are times
corresponding to decreasing numbers of acquired GPS
satellites (Figure 4).

Magnetometer-Only (Simulated Eclipse): The following
scenario was run with the EKF only receiving attitude
correction from magnetometer measurements. This test
was performed to demonstrate the drop in estimator
performance when one of CanX-5’s attitude sensors are
denied functionality, such as the sun sensors in eclipse.
As shown in Table 1, 𝜃𝑥 and 𝜃𝑧 RMS errors triple
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Figure 7: Simulated Magnetometer + GPS

Figure 8: All Simulated Sensor Measurements

All Sensors (Simulated Normal Operations with GPS
Correction): GPS cos(𝛼) measurements are then
combined with both magnetometer and sun sensor
measurements to demonstrate the effect of GPS
correction during normal operations. As shown in Table
1 and Figure 8, RMS error is slightly lower than the
normal case. Additionally, the total error curve appears
lower in overall magnitude with some reductions in error
curve anomalies.

where measurements from the sun sensors are
unavailable occurring at 08:44:36 - 09:18:24 UTC and
10:22:22 - 10:56:10 UTC. The second set covers an orbit
keeping maneuver on 10/31/14 between 17:26:04 and
17:31:54 UTC. The maneuver consists of a slew to a
thrusting attitude after 62 seconds, followed by an 8.5
second long CNAPS thrust and 2 minute attitude hold
after 140 seconds, ending with a slew back to the
nominal attitude with a 3 minute attitude hold at 184
seconds. CanX-5’s attitude change in Set 2 is shown in
Figure 9 where roll, pitch, and yaw are the spacecraft’s
attitude about the x, y, and z axes respectively in ECI.

Flight Dataset
Validation with flight data followed after testing with
simulated measurements. Two sets of flight data from
previous on-orbit operations were used to assess the
performance of the EKF. These sets consist of
magnetometer and Sun vectors in both the body and ECI
frames as well as bias corrected body rate measurements
at a sample rate of 2 seconds. For both sets, the GPS
receiver provided the orbital position of CanX-5 and
C/N0 values at a period of 5 seconds. LOS vectors were
then calculated from the reported orbital position and
GPS ephemeris data. One notable factor in these datasets
is that the reported C/N0 are constrained to integer values
between 25 and 51 dB-Hz (i.e. a reported C/N0 value of
51 dB-Hz could be higher). These limitations in
reporting are due to the use of a compressed range log
from the receiver. Although it may be possible to obtain
more accurate C/N0 values from a full range log, the
restricted values were used as they were more reflective
of CanX-5’s operating state during normal operations
and consequently were the only measurements available
at the time of this analysis.

Flight Calibration & Mapping Function
The sunlit portion of Set 1 was used as the calibration
dataset to create a 4th order polynomial mapping function
from C/N0 to cos(𝛼). This was performed by binning
measured C/N0 values along with reference cos(𝛼)
values. Reference cos(𝛼) values were calculated from
the true spacecraft attitude, known GPS boresight in the
body frame, and GPS LOS vectors calculated from
external GPS ephemeris data and orbital position
reported by the GPS receiver. In an attempt to increase
accuracy, the calculated free space path loss (FSPL) for
each contact was added to the respective C/N0
measurement. This correction is computed as:
𝐿𝐹𝑆𝑃𝐿 (𝑑𝐵) = 20 log10 𝑅

where 𝑅 is the magnitude of the LOS in the body frame
expressed in kilometers. Figure 10 shows the calibration
bin distribution of the C/N0 values. The reverse slant is
attributed to the free space path loss correction whereas,
uncorrected bins are typically vertical. Since the
mapping function is created by fitting a curve to the
mean cos(𝛼) of each C/N0 bin, there may be a high level
of inaccuracy due to the cos(𝛼) spread per bin. Given

The first set (Set 1) consists of CanX-5 in attitude hold
mode with its GPS antenna pointing towards zenith. Set
1 occurs on 09/19/14 between the times of 07:45:04 and
10:58:44 UTC. This set also contains two areas of eclipse
Paris Ang
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the limitations on C/N0 measurement precision on CanX5, bin size is limited to 1 dB-Hz.
Figure 11 shows the obtained mapping function in terms
of FSPL corrected C/N0 along with indicated
performance. This was obtained by calculating the error
between cos(𝛼) estimates obtained through the mapping
function and reference cos(𝛼) values calculated from the
calibration
dataset.
It
was
found
through
experimentation that when using the mapping function,
corrected C/N0 values under 130 dB-Hz had to be
dropped to obtain acceptable accuracy. This was due to
two reasons. First, as evidenced in Figure 10, bins lower
than this value possessed a very large spread with high
inaccuracy. Second, values below this fall outside the
GPS antenna’s design field of view of 80°. In practice, it
is possible for the GPS antenna to establish contacts
outside its field of view. However, cos(𝛼)
measurements from these contacts are deemed to be
inaccurate and unreliable. Furthermore, due to the
receiver imposed maximum limit on C/N0 reporting, the
higher C/N0 bins also possessed greater spread and
would decrease accuracy. These bins could not be
dropped without affecting the EKF’s ability to obtain
GPS measurements at regular intervals.

Figure 9: CanX-5 Attitude in Set 2

Set 1 - cos(α) Observation Model EKF Performance
To ease analysis, a subsection of Set 1 was used to
perform flight validation of the EKF. Ranging from
08:18:24 to 09:25:04 UTC, this subsection contains one
sunlit and one eclipse section. The EKF for both cases
were initialized using a magnetometer and sun sensor
based TRIAD estimate as the initial condition. Two test
cases were run, a normal operations case with only the
sun sensor and magnetometer and a case with additional
GPS correction via the cos(𝛼) observation model. The
results of both cases are shown in Table 2. As with the
simulated data, the estimate error (solid line) and the
±3𝜎 envelope (dotted line) representing estimate
confidence were plotted.

Figure 10: Calibration Bin Distribution

Table 2: Set 1 EKF Errors
θx RMS (°)

θy RMS (°)

θz RMS (°)

Normal (Sunlit)

0.50

0.22

0.39

Normal (Eclipse)

3.00

2.07

0.44

Normal (Combined)

2.16

1.48

0.41

+ GPS (Sunlit)

0.49

0.22

0.39

+ GPS (Eclipse)

2.73

1.88

0.42

+ GPS (Combined)

1.97

1.35

0.41

Set 1: Normal Operations (Sun Sensor +
Magnetometer): The normal operations case, possessed
a low amount of error under sunlit conditions. However,
as shown in Figure 12, the error increased heavily during

Figure 11: CanX-5 CNR to 𝒄𝒐𝒔(𝜶) Mapping
Function and Performance
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Figure 12: Set 1 – Normal Operations

Figure 13: Set 1 – Normal Operations + GPS

eclipse due to the absence of sun sensor measurements.
This eclipse period contributed disproportionately to the
overall RMS. The error curve for much of the set remains
within the ±3𝜎 envelop with the exception of some
inaccurate, overconfident values around 3000 seconds.
Lastly, 𝜃𝑥 errors appear to be the greatest implying
limited magnetometer correction in that direction.

Table 3: Set 2 EKF Errors
θx RMS (°)

θy RMS (°)

θz RMS (°)
1.38

Mag + Sun

1.53

1.47

All Sensors

1.53

1.48

1.38

Mag Only

20.34

19.55

10.50

Mag + GPS

12.83

7.71

6.20

Normal Operations (Magnetometer & Sun Sensors): As
with previous datasets, a normal operations case using
only sun sensor and magnetometer measurements is run
to provide an experimental baseline. Since the spacecraft
was actively slewing and thrusting, the error in all axes
were higher than those in Set 1 and the simulated set. The
error and ±3𝜎 envelope are plotted in Figure 14 and
generally show converging values with reasonable
confidence. Some increases in error can be seen at
approximately 65 and 180 seconds which correspond to
the two attitude slews in the set.

Set 1 Normal Operations + GPS: As with the simulated
set, GPS measurements (Figure 13) served to slightly
increase estimate accuracy during sunlit conditions.
However, improvements to the estimate during eclipse
were limited to only a few tenths of a degree. This
limited correction is likely due to the sparse frequency of
GPS measurements and the low precision of C/N0
measurements. Low C/N0 precision would likely impact
accuracy in two ways: First, the inaccuracies would
directly impact the corrective ability of the GPS
measurements themselves. Secondly, the limited
precision forces the use of a larger bin size when creating
the mapping function, reducing the reliability of C/N0 to
cos(𝛼) correlation. The error curve indicates that the
areas containing overconfident values still form but are
reduced in magnitude. However the GPS measurements
appear to shift the eclipse section of the curve in the
positive direction. As such, if the EKF is not properly
tuned, the GPS measurements can potentially add error
to the estimates.

Normal Operations + GPS: As with previous datasets,
GPS measurements had little effect on overall errors
when sun sensors were active. Figure 15, confirms that
the overall error curves remained virtually unchanged
from the non-GPS augmented normal operations case.
“Eclipse” Conditions (Magnetometer-Only): As Set 2
did not possess any periods of eclipse, eclipse
performance was assessed by manually excluding sun
sensor measurements. As expected, this case showed the
largest errors out of all the Set 2 cases; 𝜃𝑥 and 𝜃𝑦 errors
were almost equally high. This was due to the limited 2axis correction that can be provided with magnetometer
measurements which impeded correction after the
maneuver was started. Figure 16 also indicates that most
of the estimates were overconfident; with errors
deviating from the ±3𝜎 envelope after the first slew.
Given the shorter time span of Set 2, dilation and

Set 2 - cos(α) Observation Model EKF Performance
Since Set 2 was comprised of completely sunlit data, it
was analyzed in the same manner as the simulated
dataset. To assess EKF performance during eclipse
maneuvers, sun sensor data was excluded from the EKF
corrector’s input. The results for each experiment case
were tabulated in Table 3.
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Figure 15: Set 2 – Normal Operations + GPS

Figure 14: Set 2 – Normal Operations

Figure 16: Set 2 – "Eclipse" Conditions

Figure 17: Set 2 – "Eclipse" Conditions + GPS

contraction of the ±3𝜎 envelope also occured mainly at
the two attitude slews.

suffer from such inaccuracy issues in their true attitude
sets and EKF performance was more accurately reported.

“Eclipse” Conditions + GPS: The GPS measurements
when applied to the “eclipse” case had a greater effect on
accuracy than in Set 1; almost halving the RMS error
from the eclipse case in all directions. Figure 17 shows
that although there exist periods with overconfident
attitude estimates between the two slews, the GPS
measurements were nearly able to bring the estimate
errors back within the ±3𝜎 envelopes after the second
slew. There were two possible reasons for this increase
in performance over Set 1. First, a shorter dataset reduces
the amount of time available for errors to propagate. The
second reason was related to the attitude truth that the
errors were evaluated against, which was acquired from
CanX-5’s ADCS. Since the periods of eclipse in Set 1
were naturally occurring, errors in the truth set may
cause a misrepresentation of the actual performance of
the EKF. Conversely, the simulated set and Set 2 did not

Iterative GPS Vector Performance

Paris Ang

The EKF employing the iterative GPS boresight vector
observation model was evaluated with both flight
datasets to determine if iterating GPS measurements
would increase estimation accuracy. In addition to the
EKF, the GPS vectors output by the gradient search were
combined with magnetometer measurements to obtain
TRIAD based attitude solutions. As the TRIAD
solutions do not use sun sensor measurements, its
performance was independent of sun sensor availability.
Set 1: Table 4 indicates the performance of the EKF
using the iterated GPS observation model and the
TRIAD algorithm using measurements from Set 1. For
TRIAD, the magnetometer data was interpolated to a 5
second sampling frequency to match up with the GPS
measurement sampling frequency.
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Figure 18: Set 1 - Iterative GPS Boresight Vectors

Figure 19: Set 1 - TRIAD using Iterative GPS
Boresight Vectors and Magnetometer

Table 4: Set 1 Error - Iterative GPS Model

inaccuracy with TRIAD were likely due to the absence
of sun sensor data across the entirety of Set 1 and the fact
that magnetometer and GPS antenna are limited in
providing correction in only two axes. As such, elevated
errors would be seen when the GPS boresight vector and
magnetic field vector aligned parallel with each other.

Case

θx RMS (°)

θy RMS (°)

θz RMS (°)

Iterated (Sunlit)

1.15

1.19

0.98

Iterated (Eclipse)

9.70

12.26

1.86

Iterated (Com.)

6.95

8.77

1.49

TRIAD (Mag+GPS)

10.82

21.18

9.75

Set 2: Table 5 displays the errors obtained using the EKF
with the iterative GPS vector observation model with Set
2 data.

Using the GPS boresight vector estimate was found to
add large amounts of error to both the sunlit and eclipse
estimates from Set 1. The error plots in Figure 18
indicate a large number of overconfident and inaccurate
values especially at eclipse; falling outside the ±3𝜎
envelope. It was found that the GPS boresight vector
could converge to numerous local minima during the
minimization, reducing the accuracy of the boresight
estimate. While it was possible to use non-gradient based
search techniques to locate a global minimum, this
would add considerable computational overhead to the
estimator making it impractical for online
implementation. The existence of local minima places an
emphasis on the importance of establishing an accurate
boresight initial condition. With more accurate C/N0
measurements and resultant mapping function, it may be
possible to establish the initial condition so the gradient
search avoids local minima. However, in its current
setup, the boresight vector estimate corresponding to the
global minimum may still be inaccurate due to imprecise
C/N0 values and/or un-modeled boresight estimate
biases skewing the mapping and cost functions.

Table 5: Set 2 Error - Iterative GPS Model
θx RMS (°)

θy RMS (°)

θz RMS (°)

All Sensors IT.

2.95

3.45

3.55

Mag + GPS IT.

3.53

22.79

8.06

TRIAD (Mag+GPS)

40.33

25.63

71.27

As shown in Table 5 and Figure 20, the errors
encountered in the normal + GPS case were higher than
their non-iterative counterparts due to the issues
associated with the gradient search and C/N0 precision.
In general, sun sensor measurements keep most of the
errors in check. However, spikes in errors seen at the
attitude slews were further perturbed by the poor GPS
vector estimates. Increasing error as a result of these
vectors could be seen as the “staircase” shaped curve
past the second slew. However, sun sensor correction
forced error back towards zero.
As with previous datasets, removing sun sensor
measurements causes an overall increase in error (Figure
21). Although error is initially high about the X and Yaxes (as evidenced by the delay in ±3𝜎 envelope
convergence), the highest error RMS are about the Y and
Z-axes. This is due to heavily diverging 𝜃𝑦 and 𝜃𝑧 errors
after the second slew without sun sensor measurements

The TRIAD solutions fared much worse with much
higher RMS errors (Figure 19). As with the iterated
observation model EKF, some of this inaccuracy can be
attributed to the issues afflicting the GPS boresight cost
function as mentioned earlier. Other sources of
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to force convergence. This high amount of deviation
after the second slew in both cases is confirmed to occur
when CanX-5 is in an attitude where the estimated GPS
boresight and magnetic field vector are nearly parallel
with each other.
As with Set 1, the TRIAD solution produced the most
inaccurate attitude estimates. These inaccuracies
resulted from inaccurate GPS vector estimates later
coupled with parallel magnetic field vectors. Since the
spacecraft was slewing in this set, the estimate errors was
found to consistently drift and undergo sudden changes
when the spacecraft slewed (Figure 22).
CONCLUSIONS
An extended Kalman filter was created to assess the
additional corrective ability of C/N0 based measurements
from a single GPS antenna when combined with existing
sun sensor and magnetometer measurements. This
augmentation was performed to determine if it was
possible to retain some attitude estimation accuracy
during periods of eclipse when a spacecraft’s sun sensors
have been denied functionality. Results obtained using
simulated sensor measurements indicate that under
experimental conditions, the estimator’s accuracy is
increased by a factor of two to three as compared with
magnetometer-only estimates during simulated periods
of eclipse. However, it was found that during sunlit
operations with GPS augmentation, the contributions of
GPS measurements were limited due to the availability
of more accurate measurements from the purpose built
ADCS sensors. Despite this, the GPS measurements
would still provide minor contributions to the general
accuracy and confidence of the resulting estimates.

Figure 20: Set 2 – All Sensors using Iterative GPS
Boresight Vectors

When introduced to a lengthy attitude hold flight dataset,
it was initially found that the GPS measurements only
provided minimal correction during eclipse. However,
further evaluation with a shorter flight dataset revealed
that GPS measurements can significantly reduce error
even during slewing in eclipse conditions. The errors in
the GPS-based estimates can be attributed to the sparse
GPS sampling period and low precision of the C/N 0
measurements. The low precision of the C/N 0
measurements not only detracts directly from the
accuracy of the EKF correction but also from the
accuracy of the C/N0 to cos(𝛼) mapping function. More
specifically, the minimum size of the C/N0 bins that can
be reliably used to fit the function. In the case of CanX5, while the attitude reference was accurate, the C/N0 bin
size was 1 dB-Hz. Based on estimation results on CanX5 as well as experiments from other missions, it is
predicted that using higher resolution C/N0
measurements will increase estimation accuracy.

Figure 21: Set 2 - Magnetometer and Iterative GPS
Boresight Vectors

Figure 22: Set 2 - TRIAD with Iterative GPS
Boresight Vectors and Magnetometer
Paris Ang
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In an effort to increase accuracy, the EKF was modified
to accept GPS antenna boresight vector estimates from a
constrained gradient search. However, it was found that
the boresight iteration decreased estimation accuracy.
Some inaccuracies may have been caused by the solution
converging to local minima. Other sources of error
include inaccuracies in the boresight solution at the
global minimum due to low C/N0 measurement and
mapping function precision as well as from possible unmodeled biases in the boresight vector estimate. While
using non-gradient search techniques and more precise
C/N0 measurements may be sufficient to overcome
accuracy issues, there remains a risk of increasing
computational overhead to the point where online
implementation becomes impractical.
Moving forward, it is recommended that the EKF with
the C/N0 observation model be retained with more
precise C/N0 measurements taken at a higher sample rate
to increase estimation accuracy. C/N0 precision can be
increased by enabling the full range log on CanX-5’s
GPS receiver. This logging mode records C/N0 at a
resolution of 0.1 dB-Hz with no measurement range
constraint.
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